I.
If erythrocytes are suspended in an indifferent medium and subjected to a brief radiation from a mercury vapor arc in quartz, or if they are suspended in an appropriate dilution of serum acting in conjunction with a specific antibody, there ensues a gradual liberation of hemoglobin. I n both cases this process begins at a rather slow rate which gradually increases, passes through a maximum, and then gradually falls off until it becomes comparable with the rate of spontaneous laking. (See Table I .) Plotting as ordinates the a m o u n t of hemoglobin liberated, and as abscissae the times of sampling, one obtains asymmetrical sigmoid curves such as those shown in Fig. 1 . The gradual retardation and final apparent equilibrium is either due to exhaustion or inactivation of the lyric agent, or if the concentration of the lyric agent (photoproduct or serum) is increased above that necessary to produce complete hemolysis in a few hours, the process ceases because of the ex-haustion of the supply of cells. (In the latter case we may conceive that the fundamental reaction is still proceeding at a relatively rapid rate even in the most resistant cells at the time when they succumb.)
Enumeration of the red blood cells visible in a given volume of suspension at various stages of hemolysis shows that the amount of hemoglobin liberated is very nearly proportional to the number of cells which have lost their pigment (Table I and The course of hemolysis depends therefore on the relative number of red blood cells having in different degrees the power to resist the action of the lyric agent. For since the amount of hemoglobia liberated is always proportional to the number of erythrocytes which have disappeared we must regard the observed course of hemolysis as the summation of the laking of individual cells at varying times after they are subjected to the condition leading to hemolysis. A few relatively fragile cells are laked almost immediately, the resistant ones survive for many hours, but most of the cells succumb during an intermediate period when the observed rate of hemolysis is at a maximum. When hemoglobin finally begins to diffuse from a given erythrocyte, the process is so quickly completed that it may ordinarily be regarded as instantaneous. It is obvious that an increase in the relative number of, for example, the more fragile cells would accelerate the earlier stages of hemoglobin liberation, while a decrease would produce a corresponding retardation.
II.
There are two ways of expressing graphically the progress of hemolysis: the time curve or course, whose ordinates are proportional to the total number of cells laked; and the rate curve, whose ordinates are proportional to the number of individuals laking in a unit of time. The former is the more frequently found in hemolytic studies, while the latter is the "mortality curve" of vital statistics. If one of these curves is known the other may be found by graphical methods. For instance, let us suppose that we have only the mortality curve: the ordinates of the time curve represent the total number of individuals having insufficient resistance to survive beyond the indicated time; the area enclosed by the mortality curve corresponds to the total number of individuals; the area enclosed by the ordinate at any point on the x axis and the part of the mortality curve to, the left of the ordinate, is proportional to the number of cells having less than the indicated resistance, and is therefore also proportional to the corresponding ordinate of the time curve. If the mortality curve is plotted. on suitable coordinate paper these areas may easily be estimated with sufficient accuracy, ordinates proportional to them erected at the corresponding points on the x axis, and their tops connected by a smoothed curve. This will be the time curve, and, since the process of finding it is a process of integration, it is at the same time an integral curve.
If we have only the time curve, or integral, it is easy to see that the rate of hemolysis, that is the number of cells laking in a unit of time, is represented by the slope of the time curve; the steeper the time curve, the more individuals are succumbing per minute. The ordinates of the mortality curve are then at any time proportional to the steepness of the time curve. The slope or steepness is best found by plotting the time curve on suitable coordinate paper, drawing straight lines tangent to it at several points, and counting the number of squares passed over vertically by such lines for a given number passed over horizontally. This ratio is the trigonometric tangent of the slope of the time curve. If we draw ordinates proportional to these ratios at corresponding points on the x axis, and connect the tops of these ordinates by a smooth curve, we shall obtain the rate or mortality curve. Since the process by which we have gotten the rate curve is a graphic method of differentiation, we may consider the curve to be the differential of the time or integral curve .2
Under certain conditions the mortality curve may be identical with the variation or frequency curve of individual resistance. In the following paragraphs the relationship between the time curve and the variation curve is considered, starting with the simplest imaginable conditions, then varying the frequency curve alone, the course of the fundamental reaction alone, and finally both together.
If the rate of hemolysis is uniform, its time curve would be a sloping straight line (the integral curve, a, Fig. 2 ), while since its tangent or slope is the same at every point, the differential or mortality curve would be a straight line parallel to the axis of the abscissa~ (b , Fig. 2) ; this condition could be expressed by the differential equation dn dt where n is the number of cells, t the time, and k is a constant.
If we now assume the cells to be divided into classes differing from each other by one unit of resistance (r) (defining as a unit of resistance the power to resist one unit of fundamental reaction; e.g., the formation of one tool of toxic substance), and further assume that the fundamental reaction is proceeding at a uniform rate, the differential variation curve in which all classes are equal in respect to number of individuals. This equation is y=yo, where y0 is the number of individuals in any one of the equal classes which is arbitrarily selected as the mode, and y is the number of individuals having x units of resistance less or more than the mode. It is obvious that in this particular case any class m a y be the mode. When the equation assumes a different form so that the classes are unequal (as in the ordinary curves found in biological work) and in consequence y varies, y0 is the maximum ordinate of the variation curve.
FIG. 2.
The relation between the time curve (a) of a reaction proceeding at a constant rate, and the curve of the differential equation (b). The ordinates represent the extent to which the reaction has proceeded (a) or the rate at which it is proceeding (b), and the abscissa~ represent time.
In order to understand the effect of changes in the shape of such variation curves, that is of changes in the relative number of cells having different degrees of resistance, let us retain the assumption that the fundamental reaction proceeds at a uniform rate; for this allows us to think of the variation curve (abscissa~ = resistance) as being at the same time the diffeTential of the time curve (abscissa~ = time). Now suppose the variation curve to have the form (a, Fig. 3 ) commonly found in biological statistics, of a "skew frequency curve of limited range" whose equation according to Pearson 3 is
where k is a constant, and xl and x2 the number of degrees of resistPearson, K., Phil. Tr., A, 1895, clxxxvi, 343.
ance less and more, respectively, than the mode, possessed by the most fragile and most resistant classes. Here xl + x2 is the total range of resistance of all the cells. A curve of this type (a) and its integral, or time curve, (b) are shown in Fig. 3 ; the time curve has a form not unlike that of the curves for the course of hemolysis.
If we suppose, with some investigators, that the resistance of the cells varies around an average from which it does not deviate to an extent sufficient to influence the course of the process, we must consider all the cells to be in a single class with respect to resistance. The frequency curve will then be so narrow as to be approximately a straight line normal to the axis of the abscissm at some point. Its integral, which is the time curve of the process, will follow the axis of abscissm to this point, and then rise perpendicularly to its ultimate height. In other words, if the process were hemolysis, all the cells would lake at the same instant. This conclusion m a y be avoided, theoretically at least, b y making one of the special assumptions which are discussed below.
As a matter of fact the exact shape of the frequency curve--that is the relative abundance of cells having different degrees of resistance to any given lytic agent--is not of general significance, for it depends on the condition and previous treatment of the animal from which the cells are secured, on the nature of the lysin, etc. For example, Handovsky 1 has shown that during the regeneration of erythrocytes following artifically induced anemia there are two groups of erythrocytes, one of which has a higher average resistance to hemolysis by saponin than the other; differentiation of curves representing the course of the hemolysis of such blood cells gives a bimodal variation curve. The same author has shown that alterations in resistance may appear in opposite senses according to the choice of lyric agents; e.g., the blood cells of dormant bats are less resistant to the action of saponin, but more resistant to that of sodium hydroxide than those of active bats.
We may sum up the influence of variations of resistance by saying tha t they determine the general shape and points of inflection of the curves expressing the course of such processes, and that, therefore, in the absence of further analysis such curves tell us nothing as to the nature of the fundamental reaction.
Changes in velocity during successive stages of the fundamental reaction will obviously produce corresponding changes in the time required to produce a given degree of hemolysis, and will therefore alter the shape of the time curve. We have seen that when the equation of the variation curve of resistance is of the form Y = YO and the velocity of the fundamental reaction is constant, the time curve of the reaction is identical with that of the process as a whole. A moment's reflection will show that, whatever the course of the fundamental reaction, so long as the variation curve remains of this form the same identity will appear. If for example the fundamental reaction is monomolecular, the course of the process will appear monomolecular.
The relative length of time required for the process to reach any given stage (i.e. the abscissa of the time curve for any given ordinate) will be greater for the same initial velocity in the case of a monomo-lecular reaction than in the case of a reaction proceeding at a constant rate, and the lengths will be still greater for reactions of higher orders.
The relative times, tl and to, required for two reactions with the same initial velocity to reach the same stage, when one is monomolecular and the other has a constant velocity, may be easily derived from the equations of the two time curves. The expression is tl 1 a
where In is the logarithm to the base e (2.3026 log~0 --may advana tageously be used in place of In ), and where a is the initial CL--X amount of the reacting substance, and x the amount transformed at any given stage; a and x are usually stated in per cent.
If we compare the rates of hemolysis which would result from the action of two fundamental reactions of different orders, we find that the relative time required to reach a given stage will be the same regardless of the variation curve of the cells affected; if the shape of the variation curve is given by some equation other than y --y 0 (which gives identical time curves for the fundamental reaction and for the process as a whole), we can still calculate the relative lengths of time required for the process to reach a given stage, according to the order of the fundamental reaction. If the fundamental reaction is monomolecular or of a higher order, we must use as abscissae distances which are as much greater than those of the time curve when the fundamental reaction has a constant velocity, as is indicated by calculations like that given above. This is most easily done if it is assumed that the hemolysis and the fundamental reaction reach completion simultaneously, but may still be calculated for a known excess or deficiency of the lytic agent. In Fig. 4 are given the courses which would be assumed by a process taking place in a group of cells, the equation of whose variation curve was 
III.
Various investigators have reported t h a t bacteria in the presence of disinfectants die at a rate which is at a n y given time proportional to the n u m b e r of organisms then surviving. 4-9 This condition would be described by the equation molecular reaction isotherm. Similar relationships have been reported in the case of hemolysis, which is a process in many ways similar to disinfection;~°-l* although in this case a so called "induction period," often of considerable length (Dreyer and his coworkers) intervenes before the hemolysis appears to follow the course of a monomolecular reaction. In both hemolysis and disinfection a large number of single living cells are exposed to the action of an agent which ultimately induces in the cell some change which we can detect; in one case loss of power to reproduce; in the other, loss of a pigment; in both cases there is great variation in the length of time required to bring about the critical change in different cells. Harvey 15 considers the equation for monomolecular reactions to be applicable to the loss of motility suffered by cells Of Chlamydomonas subjected .to the action of hydrochloric acid in great dilution; while Darwin and Blackman, according to Arrhenius, 16 saw the same relationship when they allowed various killing agents to act on seeds. These citations, while by no means complete, will suffice to indicate the wide range of phenomena which have been studied from this point of view. Some authors, like Dreyer and his coworkers, have not attempted to attribute the apparent analogy of these processes with monomolecular reactions to any single relationship, but some other authors have devoted to this phenomenon a great deal of discussion which does not seem to have been based upon a comprehensive knowledge of the subject, for their attempts to explain the analogy will not bear criticism, and none of their criticisms are entirely satisfactory. The difficulty is largely due to failure to see the necessary consequences of uniformity in resistance, or to disregard of the possible influence of progressive changes in the velocity of the fundamental reaction.
Madsen and Nyman, 4 who were the first to notice the analogy, recognized the fact that variability among the cells was a factor to be reckoned with, but appear nevertheless to have regarded their curves as expressions of the average rate of change in the individual cells. We have seen that it is impossible, without special assumptions, to account for the phenomenon or~ this basis. Miss Chick, 5 working independently, secured data like those of Madsen and Nyman, but states explicitly that the monomolecular reaction formula is applicable to the process, "one reagent being represented by the disinfectant" which being present in excess may be regarded as having a constant concentration, "and the second by the protoplasm of the bacterium;" she amplifies this statement by making the supposition that the bacteria undergo rapid cyclic variations in their ability to react with the disinfectant. Phelps 7 in developing Miss Chick's method for standardizing disinfectants, adopts the same explanation. Arrhenius ~6 says, "there is no doubt that the different cells in a sample of bacteria or red blood-corpuscles possess a different power of resistance to deleterious substances," but that "the different lifetime of the different bacteria does not, therefore, depend in a sensible degree on their different ability to resist the destructive action of the poison," and accepts Chick's explanation, as does Eijkman, s at least in the 4:ase of certain bacteria.
The acceptance of such an explanation makes it necessary to assume that loss of viability, like the breaking up of a single molecule of saccharose during inversion, takes place in a single step; in other words, that the disinfectant cannot have any cumulative effect on the viability of individual cells. If the loss of viability occurred in two or more steps, some or all of the cells surviving at any time during the process would be "partially dead," and a greater proportion of them would succumb in any given interval of time than would have done so during the same interval at the beginning of the process when all of the cells were entirely unaffected. In other words the per cent death would increase during the process instead of remaining constant as demanded by the law of monomolecular reactions.
This assumption that death occurs at a bound, as it were, is surprisingly at variance with the usual conception of vital processes. It seems to necessitate that we regard a living cell as being dynamically comparable to a molecule. For this reason Robertson 17 has offered another explanation for the apparent exponential decrease in the number of surviving cells; i.e., for the apparent applicability of the law of monomolecular reactions. His explanation assumes the collisions with the disinfectant molecules to be distributed fortuitously among the different individuals of a homogeneous group of cells. Since it would be out of place to consider here the details of his mathematical proof, it must suffice to point out that Robertson's quantity x, "the number of units of the underlying change," must apparently be at one and the same time a constant, and an exponential function of time. This impossible assumption is the basis of Robertson's whole proof. Other mathematical inconsistencies occur, but are of relatively little consequence.
In a subsequent paper 6 Miss Chick modifies her original theory by assuming that it is the protein molecules of the bacterial protoplasm, which, like the sugar molecules during hydrolysis, undergo the cyclic changes in energy content, upon which depend their ability to react. The concentration of these protein molecules at any moment would then, according to Miss Chick, determine the rate of death of the bacteria at that moment. We have already seen that under these conditions the cells of a group of uniformly resistant individuals, such as Miss Chick postulates, would all die at one time. If the course of disinfection is to parallel that of the reaction, the diametrically opposite condition must prevail; namely, one in which the cells are equally distributed among all the possible classes of resistance; in other words, the equation of the variation curve must be y = y0.
Von Liebermann and yon Fenyvessy TM explained the hemolytic "monomolecular curve" on the basis of the probable rate of exit of hemoglobin from the individual cell, from which the pigment might be supposed to diffuse at a rate proportional to the difference between the intra-and extracellular hemoglobin concentrations. This explanation is evidently in conflict with the observed progressive decrease in the number of intact erythrocytes, and with the fact reported by Dienes TM that there is a nearly constant ratio between the hemoglobin content and the dry weight of the residual cells at various stages of hemolysis.
Since none of the explanations given above is satisfactory let us see whether the experimental facts necessitate the assumption that the equation of the monomolecular reaction is a complete description of the process of disinfection. Examination shows that none of the experiments already referred to include the observations necessary for the study of the first part of the process; the second observation was almost without exception deferred until the process was nearly half complete. It also appears that in many experiments the "initial" number of cells was determined after an appreciable part of the process had occurred, that is after the most fragile cells had already succumbed, and while the reaction was proceeding so rapidly that the slightest errors in the time of sampling would produce great differences in the number of cells recorded.
It is quite impossible to judge correctly the validity of formulas based on such inadequate data. In Fig. 5, I have plotted the points of that one of Chick's curves which shows the best agreement with a monomolecular reaction curve, a similar curve for the number of Chlamydomonas cells immobilized at intervals after exposure to dilute hydrochloric acid (Harvey,l~), a curve for normal serum hemolysis (Henri, 11) , and an original curve (from which the first few observations are omitted) for hemolysis after ultra-violet radiation. In the last two cases hemolysis was estimated colorimetrically. A monomolecular reaction curve is drawn for comparison with these points, and the scales of the abscissa are so arranged as to make the curves coincide at the point where the effect is half completed. The agreement of the points with the monomolecular reaction curve is about equally close. But in this same figure the curve for the original hemolytic experiment is also drawn with the abscissae on a larger scale and with the first few observations included. It is obvious that these first few observations are most important. One suspects that had these observers but made sufficient observations during the first part of the process, they would have found that disinfection, killing of seeds, etc., are processes which, like hemolysis, are initially slow and only subsequently attain their maximum velocity. As a matter of fact this is what a number of other workers have found.
Dreyer and his coworkers, for example, found that only after a considerable period of slow laking, did the course of the hemolysis induced by a and fl rays of radium and by ultra-violet radiation follow the course of a monomolecular reaction; this initial lag they call, tentatively, a period of induction.
Eijkman s has shown that the shape of the disinfection time curve is peculiar to the particular, culture of bacteria used, and to some diagonal crosses), disinfection (Chick, erect crosses), and hemolysis by ultraviolet radiation (original, circles) ; the abscissae were so adjusted in plotting these points as to make their curves coincide with the monomolecular reaction isotherm at 50 per cent. The lower curve represents the course of the same ultra-violet hemolysis, but with the abscissae plotted on a larger scale, and with the addition of 5 points determined during the first part of the process. The ordinates represent degree of completion of the process, and abscisste, time. extent characteristic of the species. Both Eijkman and Reichenbach 9 have secured disinfection time curves which, even when determinations during the early stages of the process are included, do not diverge very greatly from the exponential or monomolecular type of curve. It is possible to explain such curves either by assuming a monomolecular fundamental reaction and a variation curve of the form y --y0, or by assuming a fundamental reaction proceeding at a uniform rate, and a variation curve of the form
where k is a constant. The latter equation is that of the monomolecular reaction isotherm; but it gives a curve having unlimited range, a condition which makes it undesirable in the case of a limited population; it is better to use a curve of very similar appearance which results if we put xl =0 in equation (1) above. We thus introduce the necessary factor of limited range given by x2. The equation, so modified, becomes
while if x is made indefinitely great (i.e. if we consider only the first x2 part of a curve with infinite range) it approaches an equation identical with (2) above.
Reichenbach has shown that if we imagine a constant fraction of the bacteria of each generation to lose their power to divide, and suppose that at each successive division there occurs a decrease in the resistance of the dividing organ!sms, the individuals with the highest resistance, i.e. those of the first generation, which have not since undergone divisi.on, will be present in the smallest numbers, and that those of succeeding generations (and which have therefore less resiStance), will be present in numbers increasing in geometrical proportion. Under certain conditions such a culture would have nearly the type of variation curve necessary to give the "monomolecular" curve of killing; and Reichenbach finds in individual variation a complete explanation of the observed curves of disinfection. This hypothesis is not, however, applicable to the process of hemolysis, and can therefore have no general significance. The agreement of the middle portion of hemolytic and other similar time curves with the monomolecular reaction curve is probably only a coincidence, and is not of fundamental significance.
YulO 9 has shown that it is possible, theoretically at least, to account for a time curve of hemolysis such as that which I have observed, which, rather than a monomolecular curve, is probably characteristic of the other processes here discussed, even if all the cells are assumed to be equally resistant. This involves the assumption that a certain small number, r, of independent changes suffices to cause lysis. Probably in the case of hemolysis r would not greatly exceed 2. If r = 1, Yule's formulas lead to a "monomolecular" curve. It seems more rational to adopt some explanation which takes into account the individual variations in resistance, thus avoiding unnatural assumptions as to the nature of the fundamental reaction.
IV.
The idea that the rate of disinfection is due to variations in resistance is not new; Geppert 2° gave expression to it nearly a generation ago. The same idea has since been restated in many forms and in many connections, but always without reference to any influence which might be exerted by the fundamental reaction.
Mioni ~1.22 criticizes Henri's studies n on hemolysis, because Henri neglected the influence of individual variation; Mioni's experimental evidence is inconclusive, however. Dienes is suggested that various degrees of resistance to hemolysis were distributed in accordance with "Quetelet's law" (y=y0 e-k*). HewleW 3 says, with reference to the hypothesis offered by Miss Chick in her first paper, "While admitting that the disinfection of anthrax spores follows the course of a unimolecular reaction, I think it extremely doubtful, to say the least, if the reaction between disinfectant and bacterium is a unimolecular reaction." Hewlett's own experiments on the effect of mercuric chloride on the viability of mustard seeds accord with those of Darwin and Blackmany but he says: " I t appears to me that only by a wide stretch of the imagination can the interaction of mustard seed and disinfectant be considered as a unimolecular reaction, or a reaction of a higher order, yet it follows approximately the course of the former."
Loeb and Northrop 24 also criticize the idea that disinfection is due to a monomolecular reaction. They say Miss Chick "was probably led to such an assumption by the fact that the ascending branch of the mortality curve in her experiments was generally very steep . . . . almost a vertical line, thus escaping detection. Hence she noticed usually only the less steep descending branch which could be interpreted as a monomolecular curve for the reason that her experiments lasted only a short time." Miss Chick's published curves were, as a matter of fact, time curves, i.e. "integrals" of "mortality" or variation curves, and had she been able to make sufficient observations at the beginning of the process, she might have obtained curves at first horizontal, but very quickly turning downwards. Such a condition would find expression in a mortality curve as an ascending branch rising very steeply from zero to a maximum.
The true explanation of the course of processes like disinfection is undoubtedly a combination of the two extreme views: one attributing the course to variation alone, the other considering it to express the nature of the fundamental reaction alone. Both of these factors exert an extremely important influence. We have seen that it is theoretically possible to relegate variation to a position of unimportance by assuming a variation curve having the form y = y0. Such a distribution of various degrees of resistance is obviously unnatural, and the assumption that it occurs must, in the absence of definite evidence, be considered unwarranted. Its use frequently necessitates the postulation of " l a t e n t " or "induction" periods of whose existence we have no further proof. On the other hand we m a y consider the reaction velocity as constant, and by graphic differentiation obtain not unnatural frequency curves. Perhaps by employing several constants we m a y even obtain applicable equations; but the constants will have no physical meaning, and the equations no general significance.
The reaction velocity, as a moment's consideration will show, must ordinarily decrease as the process goes on; for "sub-minimal" amounts of the toxic substances carry the process to partial completion, and whatever the final "equilibrium" may be, it is gradually attained; the process does not abruptly cease3 ~ 2~ Curves drawn through points expressing the amount of toxic agent required to produce various degrees of completion of such processes might be regarded as "integrals" of the frequency curves of resistance. In practice, however, this reasoning is applicable only to such in vivo experiments as determination of therapeutic efficiency or toxicity of drugs, radiation, etc. In vitro, factors such as bacterial contamination, autolysis, cell division, or starvation are likely to supervene, and distort the observed curve.
Should we not then conclude that the course of processes like disinfection is, like b in Fig. 4 , the result of the simultaneous operation of two factors: the frequency curve of variation in individual resistance, which may be different for each group of cells and each toxic agent; and the course of the fundamental reaction, which usually proceeds with a velocity diminishing during the experiment at a rate dependent on the particular conditions prevailing? We must also bear in mind that what we have supposed to be the fundamental reaction may be the end result of a complex series of interrelated or "catenary" reactions. If some one link in this chain of events is a change which, from the beginning to the end of the process, is so slow as to govern the rate of the whole series, which taken together is regarded as the fundamental reaction, then, and only then, will orderly laws describe the course of the latter.
This conception does indeed render a solution of the problem much more difficult than it once seemed, but not necessarily unattainable. A proper understanding of this "group experiment," as we might perhaps call the widely employed type of which disinfection is but one example, should lead to better interpretation of the phenomena themselves, and a far deeper insight into the fundamental life processes to which they are due.
CONCLUSIONS.
1. The course of such processes as hemolysis is very largely dependent upon variations in resistance among the different individuals, and secondarily upon the course of the fundamental reaction.
2. The fundamental reaction may be either a simple process, or the expression of a complex series of changes whose rate is at all times governed by that of the slowest of the series. This might perhaps be regarded as another expression of the so called "Law of the minimum." 3. Unnatural assumptions would b e requisite for the explanation of a resemblance between the course of such processes in general and that of a monomolecular reaction.
4. The supposition that such a general resemblance exists is not supported by the available evidence.
5. The independent determination of either the nature of the fundamental reaction, or the type of the variation curve for the particular case under observation, will further our knowledge of the nature of such processes and lead to a far deeper insight into the nature and reactions of living matter.
